INTRODUCTION
The importance of knowledge of the pressure and temperature fields of high-speed jets and wakes has been emphasized in recent research efforts, such as the development of the High-Speed Civil Transport 1 (HSCT). Currently, there is great concern over the environmental effects of the combustion pressure and temperature fields associated with a low-orbit vehicle such as the HSCT.
Likewise, the pressure and temperature fields associated with other practical devices such as supersonic missiles, chemical lasers, and supersonic combustors are of great interest to both design engineers and computational personnel, who rely on experimental data for predicting the performance of proposed designs or benchmarking computational flow models.
Currently, in the design process, the aerodynamicist is generally forced to rely on probebased measurements or computational simulations for this thermodynamic flowfield information. However, probe-based measurements may alter the flowfield. Likewise, while great strides have been made in computational methods in recent years, major discrepancies still exist between experimental and computational results for flowfields of this type. 2 Hence, today's laser-based diagnostic methods, such as laser Doppler velocimetry (LDV), planar laser-induced fluorescence (PLIF), and coherent anti-Stokes Raman scattering (CARS), are preferred experimental techniques due to their excellent spatial resolution and non-intrusive measurement capabilities.
Over the past 25 years, CARS has been used to measure temperature and/or species concentration in hostile environments such as jet engine exhausts, 3 natural gas and coal dust flames, 4 simulated coal-fired magnetohydrodynamic (MHD) exhaust streams, 5 natural gas-injected engines, 6 and diesel engines. 7 With the advent of solid-state injection-seeded lasers, unintensified charge-coupled device (CCD) cameras, and proven CARS species modeling programs, the CARS technique can now be applied to high-speed, non-combusting flows, for which sub-atmospheric pressures and temperatures cause fine yet detectable changes in the nitrogen CARS spectrum. This paper describes an innovative high-resolution N 2 CARS technique that utilizes the pressure-and temperaturesensitivity of the rotational structure of the nitrogen vibrational ( υ = → 0 1 ) Q-branch to obtain accurate pressure and temperature measurements in high-speed flowfields.
As a precursor to the current work, Foglesong et al. 8 used a dual-pump CARS technique to measure the mean and fluctuating components of pressure, temperature, and density in a gas chamber and along the 2 centerline of an underexpanded jet. The technique provided accurate and repeatable results for P>1 atm and T=150-300 K. Unfortunately, the rotational and vibrational N 2 line structure displayed limited pressure sensitivity for P<1 atm. This insensitivity at low pressure severely limits the regions in which measurements can be made in many common supersonic wind tunnel facilities.
Farrow et al. 9 used a scanning 10 high-resolution N 2 CARS technique to acquire temperature profiles and pressure measurements near the wound filament of a nitrogen-filled tungsten lamp. By resolving the fine rotational structure (∆ω ≈ 0.1 cm -1 ) of the υ = → 0 1 and υ = → 1 2 N 2 Q-branch, the high temperatures (1000-2000 K) and pressures (5.4 atm) found near the filament were measured to within ±5 % of optical pyrometer and Baratron gauge measurements, respectively. The computer program, CARSFIT, 11 which will be discussed later, was used to extract pressure and temperature from the experimental CARS spectra.
Grisch et al. 12 and Péalat and Lefebvre 13 used dual-line CARS (DLCARS) to measure rotational temperature and gas density in low-pressure flows. In addition to a pump beam, dual-line CARS employs two narrowband dye lasers tuned to two rotational lines in the N 2 bandhead, forming two distinct CARS signals. CARS measurements were made in a test section and a reference cell. Pressure and temperature were obtained by comparing the relative intensity of these four CARS signals.
It was assumed that the signals were exclusively Doppler broadened, which is true for P<<0.1 atm, and that the relative signal strength followed Boltzmann distribution theory. Unfortunately, this technique is limited to low-pressure (e.g., hypersonic) flows where the mean free path between molecules is large. In addition, the creation and monitoring of four CARS signals require an extensive array of laser diagnostic equipment.
While typically used for temperature or species concentration measurements, laser-induced fluorescence (LIF) has been modified for the simultaneous measurement of pressure, temperature, and/or velocity using the rotational lines of NO 14 , OH 15 , and I 2 . 16, 17 Hiller and Hanson 16 used planar laser-induced fluorescence (PLIF), expanding the LIF technique to two spatial dimensions. In short, these LIF/PLIF experiments employ a rapid-tuning argon-ion ring dye laser to scan two rotational transitions of the seed molecule in both a reference cell and a test section. The Doppler shift of the signal from the test section is used to resolve velocity. The intensity ratio of the two rotational lines is used to obtain temperature. Finally, pressure is extracted by fitting a collisional linewidth model to the experimental LIF spectrum. Unfortunately, the signal-to-noise ratio (SNR) of the LIF/PLIF techniques is low; because these are incoherent 18 techniques, interference scattering from the flow significantly reduces the strength of the fluorescence signal.
Moreover, scanning of the rotational transitions to obtain the fluorescence spectra prevents instantaneous measurements from being obtained.
Two other non-intrusive techniques for measuring pressure, temperature, and velocity are filtered Rayleigh scattering 19, 20 (FRS) and Raman Doppler velocimetry 21 (RDV) [often referred to as inverse Raman spectroscopy 18 (IRS)]. For FRS, the output of a high-power, narrow-linewidth, tunable laser is spread into a sheet. As the laser is tuned, Rayleigh scattering from molecules in the gaseous flow is captured on a CCD array. By incrementally tuning the laser and acquiring scattering images, a spectral profile of the signal is obtained. Pressure, temperature, and velocity are resolved by least-squares fitting a RayleighBrillouin-based theoretical model 19 to the experimental scattering profile. Like the aforementioned PLIF technique, the background scattering and spatial variations in the laser sheet significantly reduce the SNR of the technique. Alternatively, Raman Doppler velocimetry 21 employs a tunable pump laser and a probe laser in a pointwise, non-linear, wave-mixing process, much like CARS. RDV monitors the gain or loss of the probe-beam energy as it mixes with the tuned pump beam. Velocity is obtained by using a forward-propagating and backward-propagating probe beam and monitoring the Doppler shift of the gain/loss spectra. Further, the (translational) temperature and pressure are resolved by least-squares fitting a Voigt linewidth model to these gain/loss spectra. As expected, this technique is susceptible to laser power fluctuations.
The high-resolution N 2 CARS technique presented here extends the aforementioned laser-based techniques by exploiting the pressure-and temperaturesensitivity of the rotational lines near the ( υ = → 0 1) N 2 Q-branch bandhead. Thus, this technique may be used to measure the mean and fluctuating components of pressure, temperature, and density at a single point in a high-speed, compressible flowfield.
To demonstrate the viability of this technique, timeaveraged CARS measurements from a gas cell and along the centerline of an underexpanded jet are presented. Comparisons between experimental and theoretical CARS spectra, and between the CARS measurements and method-of-characteristics computations for the jet, are discussed. Finally, the paper concludes with a discussion of the potential of the technique for single-shot CARS measurements of pressure, temperature, and density in the underexpanded jet.
High-Resolution N 2 Theory
From an experimental standpoint, the primary advantage of CARS is that the signal generated is a coherent laser beam, shifted in frequency (and location depending on the phase-matching geometry) from the three signal-generating laser beams. The frequency shift of the CARS signal is towards the higher-energy blue region, allowing the CARS beam to be separated from the generating laser beams and background radiation and scattering. Equally important, this CARS signal is created in a relatively small region where the lasers beams intersect (e.g., typical CARS probe volume dimensions are: length=1 mm, diameter=50 µm). Thus, the CARS measurements are spatially well resolved and possess an SNR that is orders of magnitude greater than spontaneous Raman scattering. 22 Further, the coherent nature of the CARS signal does not require the large solid-angle optics employed in other incoherent techniques, such as laserinduced fluorescence (LIF), to collect the generated signal. Nitrogen CARS does not require "seed" particles such as silicone oil, alumina particles, or titanium dioxide particles, as required with laser Doppler velocimetry (LDV) or other particle-based methods. Compared to pitot probe or thermocouple measurements, the CARS technique is a non-intrusive and, for moderate laser powers, a non-perturbing process.
The current level of understanding of simple diatomic molecules such as N 2 , O 2 , or H 2 allows their rotational and vibrational CARS spectra to be modeled accurately.
Thus, quantities such as temperature, species concentration, and pressure may be extracted from the experimental CARS spectra by least-squares fitting them with theoretical CARS spectra created at known conditions. To this end, the CARSFIT code, 11 developed at Sandia National Laboratories, was used to reduce the experimental CARS spectra collected here.
An energy level diagram of the CARS process is provided in Fig. 1 . In this diagram, a broadband laser is used as the Stokes laser, spreading its energy over a range of frequencies, as denoted by the band at the top of the figure. For a gas in molecular equilibrium, the population distribution (envelope) of the rotational levels may be described by the Boltzmann relation:
where N J , g J , and ε J are the number density, degeneracy, and energy of rotational level J, respectively; N is the total number density; k is the Boltzmann constant; and T is the temperature.
The theoretical CARS spectrum in Fig. 2 (b) for P=0.1 atm is markedly different than the spectrum in Fig. 2 (a), even though both spectra were created at T=295 K. Obviously, then, pressure plays an important role in determining the shape of the CARS spectrum. Collisional (pressure) broadening 23 is the dominant mechanism that alters the linewidths of rotational transitions between 0.1 atm and 1.0 atm. Figure 2 (c) displays a theoretical CARS spectrum calculated for P=1.0 atm and T=90 K. Compared to Fig 2(a) , the lower rotational transitions are heavily populated at these conditions, forming a single peak centered between the Q(2) and Q(4) peaks. This temperature-induced population shift is described by the Boltzmann relation (Eq. 1). Collisional broadening
has eliminated the individual rotational line structure, leaving only small notches where the Q(6), Q(8), and Q(10) lines had once been. More importantly, in Fig. 2 (c), the maximum (CARS Intensity) 1/2 value is approximately an order-of-magnitude larger than in Fig. 2(a) . This result follows from the fact that (CARS Intensity) 1/2 is proportional to the number density, N, at these thermodynamic conditions. 22 The individual rotational lines reappear in Fig. 2 (d) at P=0.1 atm and T=90 K. The thermodynamic conditions chosen for the spectra in Fig. 2(d) are representative of the conditions often found in supersonic wind tunnel flows. 24 As is evident from the four plots of Fig. 2 , changes in pressure and/or temperature result in markedly different CARS spectra, lending both pressure-and temperature-sensitivity to this technique. Figure 3 is a plan-view schematic of the CARS system used in the current experiments. Starting at the left, a frequency-doubled, injection-seeded Nd:YAG laser from Continuum (Powerlite Precision 8010) provides a 532 nm laser pulse (at 10 Hz with approximately 850 mJ/pulse) to the CARS system. This green beam is split so that 80% of the Nd:YAG emission pumps a conventional broadband dye laser 25 This red beam is expanded with a Galilean telescope and then directed, along with the two pump beams, to the front surface of the f=250 mm spherical focusing lens in a folded BOXCARS configuration. 18 The three beams are then focused to a near-diffraction-limited probe volume size of approximately 1 mm length by 50 µm diameter. After passing through the rear collimating lens, the CARS beam is guided through a set of dichroic mirrors, eliminating any residual pump or Stokes beam radiation. This beam is then focused on the entrance slit of a 1 m SPEX spectrometer. Immediately after the collimating lens, the pump and Stokes beams are directed into beam traps. Two Nikon camera lenses (28 mm f/2.8 and 210 mm f/5.6 with lens extensions) are used as a relay lens system in the imaging portion of the spectrometer, magnifying the CARS spectrum at the spectrometer exit plane by a factor of approximately 7.5. A Photometrics CH250 unintensified CCD camera is used to collect the CARS spectra; these spectra are then stored on a Gateway PC.
EQUIPMENT AND APPARATUS

Pressure Vessel
As shown in Fig. 3 , the high-pressure gas cell, with optical access on all four sides, is placed between the focusing and collimating lenses, allowing the beams to pass cleanly through the cell. Care is taken to ensure that none of the beams clip the sides of the stainless steel cell, which would ablate the steel surface and coat the windows. The pressure in the cell is varied using a vacuum pump and bottled air to obtain below-and above-atmospheric conditions, respectively. An MKS 25,000 torr absolute transducer is used to monitor the cell pressure. The accuracy of the transducer is ±0 5
. % of its reading.
Underexpanded Jet Facility
The flowfield of the underexpanded sonic jet used here provides a wide range of centerline pressures (0.1-3.2 atm) and temperatures (90-250 K) with which to examine the accuracy of this high-resolution N 2 CARS technique. Moreover, this canonical flowfield has been studied extensively over the past 50 years, [26] [27] [28] [29] [30] [31] providing excellent theoretical and computational benchmarks with which to compare our results. The jet facility at the University of Illinois (described in detail in King 32 ) utilizes a converging nozzle with an exit ) is a schematic of the initial shock and expansion wave structure near the exit of the jet. Upon exiting the jet, the issuing gas immediately encounters an axisymmetric PrandtlMeyer expansion fan centered at the lip of the nozzle; this P-M fan turns the flow outward towards the atmospheric (constant-pressure) boundary. This boundary, however, redirects the expansion fan towards the jet centerline as a series of compression waves. An oblique interception shock is formed at the locations where the compression waves coalesce. As shown in Fig. 4(b) , the oblique interception shock extends from the inner edge of the jet orifice to the Mach disk, approximately x=7 mm downstream in the current case. The Mach disk is a normal shock which forces the accelerating jet-exit flow to recompress, matching the downstream conditions of the jet. Oblique reflected shocks extend at an angle downstream from the Mach disk, and the entire shock system repeats itself until viscous effects dominate and the shock structures weaken and decay into a turbulent stream in the far field.
DATA ACQUISITION AND REDUCTION
Before acquisition of the CARS spectra, a number of signal optimization tasks were performed. These steps were taken to increase the resolution of the CARS spectra. First, the three fine-adjust mounts holding the right-angle prisms just upstream of the spherical focusing lens were adjusted until the beams overlapped at their waists. Second, while monitoring the CARS signal on the CCD camera, the spectrometer entrance slit was progressively narrowed and the spherical lens in front of the spectrometer was gradually translated until the focal point of the invisible CARS beam fell directly on the narrowed slit. Finally, both camera lenses in relay lens system were adjusted until the CARS spectrum appeared in focus across the CCD array. At this point, the resolution of the CARS signal was at an optimum.
A tradeoff existed between the CARS signal strength and its spectral resolution. As the spectrometer entrance slit was narrowed, the rotational lines became more prominent, extending farther above the Q-branch envelope.
However, narrowing the spectrometer entrance diminished the overall strength of the signal detected at the CCD array. For the time-averaged measurements presented below, we chose a slit width of 6 10 − µm , using a longer CCD camera exposure time to account for the decreased CARS signals strength. Finally, before collecting the CARS data, the atmospheric pressure and temperature were recorded with a Setra 370 absolute pressure transducer and a ±01 . deg C thermistor, respectively.
One primary advantage of the CARS technique presented here is that the acquired spectra do not need to be normalized by a nonresonant 18 background spectrum. Figure 5 is a sample nonresonant spectral profile from the BDL plotted over a typical CARS signal level range. The spectrum was acquired using argon at 4 atm as the scattering medium. In Once the data were collected, the theoretical CARS modeling code, CARSFIT, 11 was used to least-squares fit the experimental CARS spectra. The program utilizes a chi-square 34 technique to evaluate the "goodness of fit" of the theoretical CARS spectrum to the experimental spectrum. Using a non-linear leastsquares algorithm, CARSFIT adjusts up to nineteen variables to optimize the agreement between the experimental and theoretical spectra. Fortunately, most of these variables are set a priori by the known gas constituents and the polarization of the laser beams. Using a 300 MHz Pentium II PC, the least-squares CARSFIT regressions converged within approximately 1 min. per experimental spectrum.
RESULTS AND DISCUSSION
Gas Cell Measurements
CARS measurements were performed in the gas cell filled with room-temperature air at 35 different pressures over a range of 0.02-5.12 atm. Ten spectra were collected at each measurement point; these spectra were averaged over 10-100 laser shots. The low N 2 number density at sub-atmospheric pressures required longer CCD camera exposure times to overcome the background noise level. This noise was primarily caused by Nd:YAG laser scattering. Figure 6 (a) compares an experimental CARS spectrum, acquired at P=2.04 atm, to its least-squares fit theoretical equivalent. Upon first glance, the shapes of the experimental and the theoretical spectra are almost identical. A majority of the rotational peaks, from the Q(2) transition to the Q(20) transition, coincide. (The reader is referred to Fig. 2(a) for the location of these rotational lines.) The least-squares fit theoretical spectrum was obtained for a pressure and temperature of 2.05 atm and 305 K, respectively. These values are approximately 0.01 atm and 10 K below and above the MKS transducer and ambient thermistor, respectively. At 5.11 atm [ Fig. 6(b) ], the entire Q-branch evolves towards a single peak, leaving only remnants of the outer rotational lines: Q(6)-Q(20). With the loss of these features, CARSFIT predicts a pressure and temperature of 5.65 atm and 304 K, 0.54 atm and 9 K higher than the conventionally measured thermodynamic quantities (5.11 atm, 295 K). As might be expected, this technique loses sensitivity with increasing pressure above this range. (Note that the pressure obtained from the single spectrum in Fig. 6(b) does not represent the average pressure of the ten spectra collected at P trans =5.11 atm. As will be shown in Fig. 7 , the mean value of the ten spectra was 5.27 atm, only 0.16 atm greater than the transducer measurement.) While CARSFIT is capable of fitting spectra devoid of high-resolution features, small variations in the experimental peak width or height usually leads to inaccurate pressure and temperature fits.
In contrast to this, the dual-pump CARS . atm). Hence, the loss of rotational structure due to collisional narrowing decreases the sensitivity of the measurement technique at high pressures.
A slight bias is evident in Fig. 7 for higher CARSmeasured pressures as compared to the transducer values. On average, the CARS measurements are 0.15 atm higher than the transducer measurements. This bias is most likely due to Stark broadening [35] [36] [37] or Raman saturation. [35] [36] [37] Originally, we acquired CARS spectra from 0-5 atm to examine the sub-atmospheric pressure measurement capability of this technique. Unfortunately, these low-pressure experimental spectra did not match their theoretical equivalents. Figures 8(a) and 8(b) represent example spectra obtained at 0.1 and 0.8 atm, respectively. In Fig. 8(a) , the rotational lines generally agree poorly with their theoretical counterparts, with the largest discrepancy occurring at the bandhead. More disturbingly, the relative heights of the Q(2) and Q(4) lines in the experimental and theoretical spectra are reversed. Also, the linewidths of the experimental rotational transitions are greater than the theoretical linewidths. Interestingly, as shown by the spectrum acquired at 0.8 atm [ Fig. 8(b) ], the effect of this broadening phenomenon decreases with increasing pressure.
Stark broadening [35] [36] [37] and/or Raman saturation 35-37 occur for high pump and Stokes beam intensities. These fields may artificially pump the rotational transitions in the CARS spectra. These effects may alter the relative intensities of the rotational transitions in the CARS spectra. Moreover, Rahn et al. 36 also observed a switching in the relative intensities of the Q(2) and Q(4) lines when using 0.25 mJ and 70 mJ pump beams.
Centerline Underexpanded Jet Measurements
In this experiment, 34 CARS measurements were made along the centerline of the jet [see Fig. 4(b) ]; each measurement point was spaced by 0.014 in. (0.356 mm). Care was taken at the outset of these experiments to align the CARS probe volume with the center of the jet orifice using a probe volume location technique described by Eckbreth. 18 Equally important, using a method described by Green, 25 the length of the probe volume was conservatively measured 18 to be 1 mm.
The diameter of the probe volume was estimated to be 50 µm. The jet was run with stagnation conditions of P atm t = 6 05 . and T K t = 296 6 . . Like the gas cell measurements, ten spectra were collected at each measurement location. To obtain an adequate SNR, ten laser shots per spectrum were required at the first 20 measurement points. Since the dye in the BDL degraded with time, 30 shots per spectrum were needed for the remaining measurement locations. Figure 9 is a compilation of six spectra obtained at various points throughout the underexpanded jet flowfield. Like the spectra shown in Fig. 6 , these plots compare the experimental and best-fit theoretical CARS spectra. As a general observation, the experimental and theoretical curves compare favorably throughout all six plots. Equally important, the shapes of the spectra change dramatically with spatial location, thus highlighting the sensitivity of this technique to changes in thermodynamic conditions. Fig. 9(a) is a plot of the time-averaged spectrum acquired at the jet exit. At the relatively high pressure ( P atm = 3 22 . ) and temperature ( T K = 258 ) found at this location, collisional narrowing has begun to coalesce the entire spectrum into a single peak. However, the CARSFIT code does an excellent job of modeling the interplay of these broadened rotational lines, even picking up the remnants of the odd Q(13), Q(15), and Q(17) lines [see Fig. 2(a) ].
Moving downstream, the linewidths of the rotational lines in Figs. 9(b) and 9(c) become narrower with the decreasing pressure of the accelerating flow. In addition, the decrease in temperature with downstream distance is evident as the population distribution shifts towards lower rotational transitions [Q(2)-Q (14)]. During the data reduction process, only the appropriate Raman shift range was used in the leastsquares fits. For example, a Raman shift range of 2327 2331 1 − − cm was used for the spectra in Fig. 9(c) . Figure 9 (c) is important because it illustrates the ability of this technique to resolve low pressures (P ≈ 0.2 atm) and temperatures (T ≈ 90 K) as is often found in highspeed flows. Experience has shown that, at these thermodynamic conditions, the Q(2) and Q(4) lines are especially sensitive to pressure. Provided that these rotational lines are well resolved, small changes in pressure [∆P ∼ O(0.1 atm)] will noticeably alter their peak height. The spectrum in Fig. 9(d) was acquired downstream of the Mach disk, approximately 350 µm away from the spectrum in Fig. 9(c) . The increased temperature ( T K ≈ 293 ) behind the normal shock populates the upper rotational transitions of the spectrum in Fig. 9(d) ; the corresponding increase in pressure ( P atm ≈ 16 .
) broadens these rotational lines. A CARS spectrum, acquired at the last downstream measurement point (x=11.73 mm), is shown in Fig. 9 (e). The flow in this region is beginning to reaccelerate towards a second Mach disk. Except for the relative height of the outer rotational lines, the spectrum in Fig. 9 (e) is similar to the ambient spectrum shown in Fig. 9(f) , one of the last data points collected in this series. In both figures, the noise evident at the outer edges of the figures was due to the temporal degradation of the Rhodamine 640 dye in the BDL. Nevertheless, the theoretical spectra continue to model the experimental spectra well.
A comparison between the CARS pressure measurements and a theoretical pressure distribution along the centerline of the underexpanded jet is shown in Fig. 10(a) . The theoretical prediction was extracted from a method-of-characteristics (MOC) analysis performed by Owen and Thornhill. 28 From the figure, it is apparent that the Mach disk resides between 6 75 7 11 .
. mm x mm, m < < which agrees with the shock location determined by Foglesong et al. 8 (by shadowgraph photo and dual-pump CARS measurements) of x mm m ≈ 7
. The data points in Fig. 10(a) denote the average pressure determined from the ten, time-averaged spectra acquired at each measurement location; the uncertainty bars again represent one standard deviation of the ten pressure values.
The experimental data predict a jet-exit (x=0 mm) pressure of 3.36 atm which corresponds well with the isentropic prediction of 3.2 atm. To bypass problems near the sonic line, Owen and Thornhill 28 began their MOC calculation with a slightly supersonic jet exit velocity. This may explain the discrepancy between the CARS measurements and the MOC prediction near the jet exit.
The CARS pressure measurements are generally in excellent agreement with the MOC prediction. On average, the CARS measurements fall 0.07 atm below the MOC pressure distribution. More importantly, the (c) As mentioned before, the decrease in pressure at the end of this region corresponds to reacceleration of the flow as it approaches a second Mach disk.
The agreement between the CARS measurements and the MOC prediction is even better in Fig. 10(b) where the temperature distribution along the jet centerline is plotted. In viewing Fig. 10(b) , it is important to remember that the CARS pressure and temperature data were extracted from the N 2 spectra alone. No isentropic relations were required to generate these data points. The MOC temperature data, on the other hand, were determined from the pressure results assuming isentropic flow up to the Mach disk. On average, the CARS measurements are 1 K below the theoretical distribution. Interestingly, the standard deviations of the CARS temperature measurements upstream of the Mach disk ( σ T = 5.2 K) are slightly larger than the standard deviations behind the Mach disk ( σ T = 4.0 K). The cause of this reduction in precision uncertainty for temperature across the Mach disk is not currently known.
Utilizing the experimental pressure and temperature measurements in Figs. 10(a) and 10(b) , respectively, and the ideal gas equation-of-state, the CARS-based density distribution along the centerline of the underexpanded jet is plotted in Fig. 10(c) . The MOC distribution up to the Mach disk is again obtained from the pressure results assuming isentropic flow. The standard deviations of the CARS density measurements were determined using the procedure outlined by Kline and McClintock. 38 Not surprisingly, small deviations in pressure and temperature from the theoretical values are emphasized here.
Single-Shot Measurements
In addition to the time-averaged CARS spectra, 100 single-shot spectra were acquired at the 34 measurement locations along the jet centerline. The 10 ns pulse length of the Nd:YAG laser allows instantaneous pressure and temperature measurements to be made. Figure 11 presents two examples of singleshot CARS spectra acquired at the jet exit. While the single-shot experimental spectra share many traits with their time-averaged equivalent shown in Fig. 9(a) , the rotational peaks in Fig. 11 fail to consistently match the associated theoretical peaks. These discrepancies are primarily attributed to shot-to-shot variations 8, 39, 40 in the broadband dye laser profile. Notwithstanding these differences, CARSFIT still provides reasonable pressure and temperature values of 3.09 atm, 247 K and 3.81 atm, 256 K for Figs. 11(a) and 11(b) , respectively. Figure 12 presents two single-shot experimental spectra obtained just upstream of the Mach disk (x=6.76 mm). Obviously, as compared to the timeaverage spectrum in Fig. 9(c) , the spectra in Fig. 12 suffer from a low SNR. Still, the generation of an instantaneous CARS signal in a region of low molecular number density is encouraging. During these measurements, the entrance slit width was increased slightly to 20 µm , allowing a larger portion of the CARS signal to enter the spectrometer at the cost of spectral resolution. As mentioned before, the relative height of the Q(2) and Q(4) lines are highly sensitive to pressure at these conditions. CARSFIT was able to match the heights of these peaks, providing pressures and temperatures which are in reasonable agreement with the ensemble-averaged values of 0.23 atm and 95 K. Single-shot measurements will be the subject of future work.
CONCLUSIONS
By utilizing the pressure-and temperature-sensitive rotational lines near the N 2 ( υ = → 0 1 ) Q-branch bandhead, the high-resolution N 2 CARS technique can be used to perform spatially well-resolved, mean pressure, temperature, and density measurements in high-speed flows. Moreover, the preliminary singleshot CARS data presented here indicate that this technique is capable of resolving the fluctuating pressure, temperature, and density fields in high-speed flows.
For above-atmospheric pressures in the gas cell, collisional narrowing broadened the individual rotational lines of the nitrogen Q-branch. At conditions above about 4 atm, this technique lost pressure sensitivity primarily from the lack of features with which to fit the spectra. However, the mean pressure values of the ten spectra at these conditions maintained agreement with the transducer-measured pressures. Equally important, with increasing temperature, the population distribution of the rotational lines shifted towards the higher rotational modes, spreading the CARS spectra over a 10 1 cm − range. Fortunately, the 13 theoretical CARS modeling program, used to extract the thermodynamic quantities from the experimental spectra, was able to accurately emulate these changes in the experimental spectra.
Thirty-four measurements were made along the centerline of an underexpanded jet. The pressure, temperature, and density measurements compared favorably with a method-of-characteristics 28 (MOC) prediction of this flow.
The CARS technique adequately predicted the high pressure (3.2 atm) and temperature (247 K) region at the jet exit. In addition, the agreement between experiment and theory increased as the low-pressure (0.13 atm) and temperature (98 K) regions upstream of the Mach disk were encountered. In comparison, the dual-pump CARS measurements of Foglesong et al. 8 could not obtain the same level of agreement between experiment and theory at these conditions. The high-resolution N 2 CARS technique was also able to quantify the conditions found just downstream of the Mach disk, where the flow recompressed to 1.63 atm and 293 K. As expected, the density distribution, determined through the ideal gas equation-of-state, also generally followed the MOC prediction.
Example single-shot spectra from the jet exit and upstream of the Mach disk were also presented. These 14 single-shot spectra emphasized the ability of the technique to generate CARS signals in regions of low molecular number density.
